The aim of this study was to determine the extent to which poor physical functioning, low participation in physical activity, and muscle atrophy observed among patients on hemodialysis are evident in the earlier stages of chronic kidney disease (CKD). We enrolled adults in three groups: no CKD, Stages 3 to 4 CKD, and hemodialysis. Outcomes measured were physical activity, muscle size, thigh muscle strength, physical performance, and self-reported physical function. Patients with CKD had muscle area intermediate between the no CKD and hemodialysis groups, but they had low levels of physical activity that were similar to the hemodialysis group. Physical activity and muscle size were significantly associated with all outcomes. Kidney function was not significantly associated with muscle strength or physical performance after adjustment for physical activity and muscle size. In conclusion, interventions aimed to increase muscle mass and energy expenditure might have an impact on improving physical function of CKD patients.
Introduction
Physical dysfunction is well documented in patients receiving maintenance hemodialysis (Johansen, 2007; Painter, 2005) , and there is increasing evidence that physical functioning is limited among patients at earlier stages of chronic kidney disease (CKD) as well. Several studies examining exercise capacity, physical performance, and self-reported physical functioning in patients with Stage 3 and Stage 4 CKD demonstrate lower levels of physical functioning in these patients when compared with normative data (Brodin, Ljungman, & Sunnerhagen, 2008; Gordon, Doyle, & Johansen, 2012; Padilla et al., 2008; Roshanravan et al., 2012) . Furthermore, several large cohort studies (Odden et al., 2006; Odden, Whooley, & Shlipak, 2004) show that limitations in exercise capacity and physical performance are evident as early as Stage 2 CKD.
Similarly, although 75% or more of patients on maintenance hemodialysis exhibit some degree of wasting (Kalantar-Zadeh, Ikizler, Block, Avram, & Kopple, 2003) , the advent and progression of changes in lean mass with the progression of CKD have not been thoroughly investigated. Leikis et al. (2006) did not demonstrate a change in thigh muscle cross-sectional area by computed tomography over a 2-year period in a group of seven patients whose mean creatinine clearance declined by 28%. A more recent study found an overall decline in thigh muscle cross-sectional area over 2 years among patients with CKD and end-stage renal disease (ESRD) but concluded that there was substantial variability in the course of muscle wasting in CKD (John, Sigrist, Taal, & McIntyre, 2013) . The authors were unable to determine whether physical activity was a factor.
Loss of muscle mass has a grave impact on physical functioning, and both muscle wasting and poor functioning are related to poor outcomes and higher mortality in this population (Avram, Mittman, Bonomini, Chattopadhyay, & Fein, 1995; Culp, Flanigan, Lowrie, Lew, & Zimmerman, 1996) . Although the cause of muscle wasting in ESRD is multifactorial, physical inactivity is known to be a major contributor to this muscle wasting (Clark, 2009; Park, Park, Shephard, & Aoyagi, 2010; Zamojska, Szklarek, Niewodniczy, & Nowicki, 2006) and poor physical functioning . Although patients on hemodialysis are significantly less physically active than age-matched healthy controls (Johansen et al., 2000) , little is known about the physical activity levels of patients at earlier stages of CKD and the extent to which activity is associated with physical functioning and lean mass. Thus, little information is available regarding the rate of decline in physical functioning, muscle wasting, and physical activity as CKD progresses, or the extent to which the decline is associated with the decline in glomerular filtration rate (GFR) or other factors associated with the progression of CKD (Figure 1) . Therefore, the primary aim of this study was to determine the extent to which the poor physical functioning, low participation in physical activity, and muscle atrophy observed among patients on hemodialysis are evident in the earlier stages of CKD and to investigate their correlation with kidney function. We further aimed to explore the independent associations of uremia, anemia, muscle area, and low physical activity with functioning in this cohort. We hypothesized that although muscle size and physical activity would be important correlates of physical function and performance, kidney function would be associated with functioning independent of physical activity.
Subjects and Methods

Design
The present study analyzed the association between kidney function, muscle size, physical activity, and physical performance measures. We also performed multivariable linear regression analyses. Physical activity was objectively measured by an accelerometer and through validated questionnaires to assess energy expenditure. In addition, physical function was measured through a wide variety of physical performance tests to assess ability to perform activities of daily living.
Participants
Healthy volunteers 18 years of age and older without CKD (estimated GFR ≥ 60 mL/min/1.73m 2 ) using the CKD Epidemiology collaboration (CKD-EPI) equation (Levey et al., 1999) ; patients with Stages 3a, 3b, and 4 CKD; and patients with Stage 5 CKD on hemodialysis were enrolled (Levin & Stevens, 2013) . Potential participants were excluded if they had taken glucocorticoids for more than 14 days within the past 6 months, had any musculoskeletal condition that prevented muscle strength or functional testing, were unable to safely undergo magnetic resonance imaging (MRI) testing, or were unable to give informed consent. The institutional review board approved all study procedures, and all patients provided written informed consent. The procedures followed were in accordance with the Helsinki Declaration of 1975, as revised in 2000.
Demographic, Anthropometric, and Laboratory Data
Age, gender, race, and comorbid conditions were obtained by participant interview and review of medical records. The most recent laboratory reports of serum creatinine, albumin, hemoglobin, and hematocrit were obtained from the medical record. Height and weight were directly measured. GFR was estimated using the CKD-EPI equation (Levey et al., 1999) to classify patients according to CKD Stages 0 to 4 by Kidney Disease: Improving Global Outcomes (KDIGO) guidelines (Levin & Stevens, 2013) . Measures of physical activity and of muscle size, strength, and function were performed during a dedicated study visit on a midweek nondialysis day for patients with ESRD and within a month of laboratory testing for nondialysis participants.
Physical Activity Level
Physical activity was measured using a three-dimensional accelerometer (RT3, Stayhealthy Inc., Monrovia, CA). Each participant wore the device mounted at the waistband for 7 consecutive days. This instrument has shown validity and reliability in elderly population (Kochersberger, McConnell, Kuchibhatla, & Pieper, 1996; Matthews & Freedson, 1995) . The data were expressed in arbitrary units and averaged over the 7 days as the daily activity level (Johansen et al., 2000) .
Physical activity questionnaires.
Patients were asked to complete two questionnaires related to physical activity level that have been shown to be valid ). The Physical Activity Scale for the Elderly (PASE) is designed to measure activity during the previous week based on participants' responses to a series of questions (Washburn, Smith, Jette, & Janney, 1993) . The Human Activity Profile (HAP; Fix & Daughton, 1986 ) is a scale designed to survey participation in common physical activities across a broad range of energy requirements. The adjusted activity score (AAS; Fix & Daughton, 1986 ) was recorded.
Muscle Size
Knee-extensor (quadriceps) muscle size was measured using MRI because of its functional importance and because measurement variability is reduced by limiting the analysis to a large, well-defined muscle group (Johansen et al., 2003) . Images of the entire thigh were acquired in a 1.5T Siemens Avanto MRI scanner with Total Imaging Matrix technology. After obtaining a scout image, a series of T-1 weighted axial slices of the thigh were obtained from the iliac crest to the patella (Johansen et al., 2003) . The single slice with the largest quadriceps muscle area and the two adjacent slices were selected for analysis. A customized software program written in Interactive Data Language (IDL; Research Systems Inc., Boulder, CO) was used to quantify contractile and noncontractile components of the muscle as previously described (Johansen et al., 2003) .
Muscle Strength
Isokinetic strength. Strength of the knee extensor was assessed by isokinetic dynamometry, using the Cybex Extremity Testing Unit, a computerized dynamometer (Cybex/HUMAC 6000, Computer Sports Medicine Inc., Stoughton, MA; Davies, 1984) . Participants performed five repetitions at 90°/sec and 30 repetitions at 180°/sec, and the peak torque was recorded at each velocity.
Isometric strength. Isometric strength or maximal voluntary contraction (MVC) of the knee extensor muscle group was measured at 60° extension using the isometric testing function of the Cybex Extremity Testing Unit. The best of five trials was recorded.
Physical Performance Tests
Participants performed the following standardized physical performance measures previously used in the CKD and ESRD populations Johansen et al., 2003; Johansen et al., 2006; Padilla et al., 2008; Segura-Orti, Kouidi, & Lison, 2009) .
Gait speed and stair climb. Participants were asked to walk a distance of 20 ft at a comfortable walking pace. Two trials were performed and the best time was recorded. Patients were timed while climbing a single flight of stairs in a similar fashion.
The 6-min walk. Participants were asked to walk back and forth along a 100-ft corridor, covering as much distance as possible during a 6-min period. Participants were allowed to rest as necessary, although the clock was not stopped ( Sit to stand to sit tests. Participants were asked to sit in a chair of standard height, and then asked to stand up completely and sit back down 5 times with arms crossed over the chest. Time to complete five repetitions was recorded to the nearest hundredth of a second (Guralnik, Ferrucci, Simonsick, Salive, & Wallace, 1995) . Reliability has been demonstrated in patients undergoing hemodialysis (Segura-Orti & Martínez-Olmos, 2011).
Static balance. Participants were asked to stand on one leg for as long as they could for up to 30 s. The score was recorded as the time in seconds until the participant needed to touch the examiner, put the other foot down, or move the foot on the floor to maintain balance (Nelson et al., 2004) .
Self-Reported Functioning
Self-reported functioning was assessed using the Physical Function scale of the Medical Outcomes Study-Short Form 36-item (SF-36) questionnaire (Ware, Kosinski, & Keller, 1994) . Scores range from 0 to 100, with higher scores reflecting better physical functioning.
Statistical Analysis
The results are expressed as mean ± SD. We checked the normality of data distribution by the Kolomogorow-Smirnoff test, and nonnormally distributed data were reported as median (interquartile range [IQR] ) and logarithmically transformed before further analysis. Characteristics of individuals in the three study groups were compared using ANOVA or chi-square tests as appropriate. Because the CKD group was significantly older than the other two groups and because age is expected to be related to physical functioning and muscle size, we added age as a covariate for all comparisons among groups.
We used bivariate and multivariable linear regression analyses to determine the extent to which kidney function or the sequelae of impaired kidney function was associated with physical functioning and muscle size. For these analyses, the estimated glomerular filtration rate (eGFR) was treated as a linear variable. Covariates included in the multivariable linear regression analyses were age, muscle size (cross-sectional area), hemoglobin, and physical activity. We used the AAS of the HAP as the physical activity variable because it was more related to physical function outcomes in bivariate analysis than the physical activity by accelerometry. We performed a forward stepwise regression. The results are expressed as standardized coefficients (per 1 SD for each variable), so that larger standardized coefficient means that the variable contributes more to the model. SPSS statistical program, Version 15.0 for Windows (SPSS Inc., Chicago, IL, USA), was used for all analyses, and a two-sided p < .05 was considered statistically significant.
Results
Study Population
Seventy-nine eligible patients were approached, and 57 agreed to participate in the study, including 19 healthy controls, 22 patients with CKD (four GFR Category 3a, seven GFR Category 3b, 11 GFR Category 4), and 16 patients with ESRD on hemodialysis ( Table 1 ). The ethnicity of the final sample was as follows: 27 Caucasian, 21 African American, four Hispanic, three Asian, one Native American, and one Pacific Islander. Patients with CKD were older than participants on hemodialysis and those without CKD. Dialysis vintage for patients on hemodialysis was 38.5 months (median), minimum 5 months and maximum 139 months. Hemoglobin was significantly lower among both CKD and patients on maintenance hemodialysis than among controls, while patients on maintenance hemodialysis had significantly lower serum albumin concentration than both controls and CKD patients (Table 1) .
Patients with CKD were similar to controls and better than patients on maintenance hemodialysis in isometric strength (MVC), static balance, and the Physical Function scale of the SF-36 (p < .05 for all). Conversely, CKD patients were similar to patients on maintenance hemodialysis and significantly lower than controls in daily physical activity measured by accelerometer (p < .001), physical activity by the AAS of the HAP questionnaire (p < .05), and distance Note. Categorical variables are compared using chi-square analysis and continuous variables by ANOVA/ANCOVA with post hoc testing by Tukey or Games-Howell tests. All analyses of physical function variables are adjusted for age and BMI. Age and BMI were significant covariates for Creatinine (p = .03), HAP (adjusted activity score; p = .01), 20-ft walk test (p = .03), 6-min walk test (p = .08). Unable to perform control group: n = 2 isokinetic testing and n = 1 balance one leg test. Unable to perform CKD group: n = 1 MRI, n = 3 accelerometer, n = 3 isokinetic testing, n = 1 sit to stand to sit test, n = 1 balance one leg test, n = 2 PASE, n = 2 SF-36. Unable to perform dialysis group: n = 1 MRI, n = 1 accelerometer, n = 1 isokinetic testing, n = 1 sit to stand to sit test, n = 1 six-min walk test, n = 1 balance one leg test. The p values are overall ANOVA p value. CKD = chronic kidney disease; BMI = body mass index; PASE = Physical Activity Table 2 shows bivariate correlations between outcomes related to physical function and performance and potential predictors. As expected, muscle size and strength were correlated with each other, and muscle size also correlated with the 6-min walking distance, static balance, and stair climbing. Kidney function was correlated directly with physical activity (r = .53, p < .01 for accelerometry and r = .31, p < .05 for the AAS of the HAP), with muscle size (r = .55, p < .01) and strength (r = .47, p < .01 for isometric strength), and with self-reported physical function (r = .38, p < .01) but not with most measures of physical performance (except static balance and 6-min walk test, Table 2 ). Correlations between hemoglobin and functioning outcomes mirrored those for kidney function. In addition, physical activity measured by accelerometry was associated with muscle size and strength, but somewhat surprisingly, it was not correlated with most measures of physical performance except the 6-min walk and static balance (Table 2) . However, the AAS of the HAP questionnaire was correlated with all the physical performance measures.
Bivariate Correlation Results
Multivariable Linear Regression
Multivariable regression analyses were performed to evaluate the independent associations of kidney function with physical performance and functioning independent of physical activity, muscle size, and hemoglobin (Table 3) . Physical activity or muscle size or both physical activity and muscle size were significantly associated with all outcomes. Hemoglobin was associated only with self-reported physical functioning. Kidney function was not significantly associated with either muscle strength or physical performance after adjustment for muscle area, physical activity, or age.
Discussion
We found that physical activity was lower among patients with Stage 3 or 4 CKD than among controls and was similar to that of patients with ESRD on Note. eGFR = estimated glomerular filtration rate; Hgb = hemoglobin; HAP = Human Activity Profile; AAS = adjusted activity score; PT = peak torque; MVC = maximal voluntary contraction; STS = sit to stand to sit test; SF-36 = Medical Outcomes Study-Short Form 36-item questionnaire. *p ≤ .05. **p ≤ .01. ***p ≤ .001.
maintenance hemodialysis. Contrary to our hypothesis, after adjusting for physical activity and other potential determinants of physical performance and functioning, none of the variables was independently related to kidney function. However, all measures of muscle strength were independently related to muscle area even after adjustment for physical activity. Physical performance was less clearly related to muscle area, with only 6-min walk distance and static balance showing a statistically significant association. The AAS of the HAP physical activity questionnaire was related to one of the measures of strength and all the physical performance measures. Hemoglobin was only associated with self-reported physical function. It is possible that muscle area and low physical activity may mediate the association between CKD and low strength and poor physical performance. Multivariable analyses showed that physical activity was associated with measures of physical performance and self-reported physical function. Muscle size and the AAS of the HAP physical activity questionnaire were associated with strength, with 6-min walk distance, sit to stand to sit tests, and static balance, suggesting an important role of muscle area and physical activity on muscle function at any stage of kidney disease. Based on our results, anemia is not likely to be a mediator of this association, but we cannot rule out other factors such as vitamin D levels, acidosis, or unmeasured uremic toxins. Although our study was cross-sectional, inclusion of participants across the entire spectrum of kidney function yielded some interesting observations that might shed some light on the pathophysiology of poor physical functioning among patients with CKD. It was notable that the patients in this cohort with nondialysis-dependent CKD had activity levels that were as low as those of the patients on maintenance hemodialysis and less than half those of individuals with normal kidney function.
Putting our results into the context of prior studies, we found similar results regarding physical performance among the patients with CKD (Padilla et al., 2008) , low levels of physical activity among the patients with ESRD , muscle size (Johansen et al., 2006) , and meters covered during the 6-min walking test (Cheema et al., 2007; SeguraOrti et al., 2009 ), but we found better sit to stand to sit and stair climbing results than previously reported data (Johansen et al., 2006) .
The direction of correlation between kidney function and physical activity and functioning was consistent across measures. These results are in agreement with those of Clyne, Jogestrand, Lins, and Pehrsson (1994) in which exercise capacity, measured as peak oxygen consumption, was correlated with eGFR in a group of 58 patients with Stages 4 and 5 CKD. Our results are also consistent with other studies in which cystatin C, a cysteine proteinase inhibitor that is freely filtered by the glomerulus, was used as a measure of kidney function that is independent of muscle mass. Lower kidney function was associated with worse physical function (400-m walk time, lower extremity performance, grip strength, and knee extension strength; Odden et al., 2006) .
The independent associations we observed between muscle size and strength and between physical activity and physical performance tasks suggest that exercise programs might be beneficial for patients with CKD at any stage. Indeed, almost all exercise interventions, including aerobic or resistance training, have resulted in improvements in functioning among patients with CKD (Johansen & Painter, 2012) and ESRD (Johansen, 2007; Segura-Orti & Johansen, 2010) . Interestingly, a randomized controlled trial of resistance exercise training, aerobic exercise training, or a combination of the two among clinically stable sedentary patients on maintenance hemodialysis (Johansen & Painter, 2012; Kopple et al., 2007) found that both types of exercise training induced a pattern of changes in gene transcription that would be likely to promote protein synthesis and reduce protein degradation (Kopple et al., 2007) . More studies are needed to determine which is the optimal intensity of aerobic and strength exercise training that lead to improvements.
The study findings have clinical implications in regard to nursing practice. Routine nursing care at any stage of kidney disease could include interventions such as exercise programs to increase muscle area and energy expenditure of patients. The aim would be to improve activities of daily living of CKD patients, such as walking capacity, balance, and standing up from a chair, so as to improve health-related quality of life.
It is important to interpret these results in light of the limitations of the study, particularly the modest sample size, cross-sectional design, and use of serum creatinine to estimate kidney function. A previous study showed that cystatin C was more strongly associated with physical performance than eGFR from creatinine. Whereas higher concentrations of cystatin C were significantly associated with poorer function, levels of eGFR (based on serum creatinine) were not consistently associated with physical function (Odden et al., 2006) . The possibility that serum creatinine will overestimate GFR in the presence of muscle atrophy may have limited our power to detect associations between kidney function and measures of muscle and physical function. The patients in this study were mostly male and were younger than the average age of patients with CKD or undergoing hemodialysis (U.S. Renal Data System, 2009). In addition, their performance on the stair climbing and chair rising tasks was considerably better than that of a prior cohort of ESRD patients . The cross-sectional design precludes determination of the direction of the association or causality of the observed associations between physical activity and function and between kidney function and physical function. We did not have direct measures of uremic toxins or of many other complications of CKD such as disordered mineral metabolism or acidosis. Therefore, many potential mediators or confounders of the association between kidney function and physical functioning were not addressed.
In conclusion, we found that physical activity was extremely low even among CKD participants who had not reached ESRD. Muscle strength, sit to stand to sit time, balance, and 6-min walk distance were associated with muscle area and physical activity in multivariable analyses. These results suggest that reduced muscle area and low physical activity may affect physical functioning among patients with CKD.
Application Section
The article highlights the low physical activity level that already affects subjects suffering from CKD even before reaching ESRD. Thus, nursing interventions to promote increased physical activity could be helpful in CKD disease patients. Low physical activity and muscle wasting may be important determinants of physical functioning among patients with CKD. It seems reasonable to promote interventions at the clinical setting aimed to increase muscle mass and physical activity and to analyze which is the impact on physical function of CKD patients. Longitudinal and interventional studies are needed to further define the factors causing poor physical functioning and to determine whether functioning can be improved or its decline prevented through exercise or other interventions.
